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a. Freezing curve of apple slices at different freezing temperatures
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Note: -20 C refers to the freezing group at —20 C and freezing and thawing
group at 0 times. FTC-1, 2, and 3 respectively represent apple slices pre-treated
once, twice, and three times in freeze-thaw cycle, the same below.
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b. Freezing curve of apple slices with different freeze-thaw cycles
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Fig.1 Freezing curve diagram
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Table 2 Page model fitting results and unit energy consumption

of apple slices under different freezing temperatures and
freeze-thaw cycles

- hE B Page f57! % fie
o Coefficient of ~Coefficient of the Page model Energy consumption
Sample d L 2 )
etermination R k a / (kW-h * kgh
Liq.N, 0.985 0.000 31 1.469 6 11.06
-80 'C 0.984 0.002 35 1.119 1 10.81
-20 'C 0.991 0.001 84 1.191 6 10.51
FTC-1 0.992 0.001 47 1.258 2 10.49
FTC-2 0.996 0.001 71 1.2123 8.96
FTC-3 0.998 0.000 91 1.3119 10.15
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a. Page fitting drying curve of apple slices under different freezing rate and
freeze-thaw treatment
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Note: MR is the moisture ratio of apple slices, # is the drying time.
b. dMR/dr 55 i) 55 2 1 R £ R 5
b. The function of dMR/df and time

A2 TRETAREA ARG EER AR G Page TR G &4
dMR/dr 5 B 18] % 2 % 4 25
Fig.2 Page fitting drying curve and dMR/ dr function curve of
apple slices under different pre-freezing temperature and
freeze-thaw treatment
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Fig.3 Influence of freezing temperature and freeze-thaw cycles on
the hardness and crispness of apple slices
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Fig.4 Texture characteristics of apple slices with different
freeze-thaw cycles
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Fig.5 SEM images of apple crisps with different freezing

temperatures and freeze-thaw cycles
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e FTC AFRALIEE R AR i, FLR T BE 2 /N
FLBREE RITE 2 S VR R rh & R A R FLBR S 10

IR A NARAR BRI S BLAR 5% 2 7T s ket LB R /)
H AL, BANREFAMSLER AR R R A1l 6 Frs
EHE RN, Liq.N, AL BEZH FD S5 LB B/, H
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=80 'C. —20 CURG5ALB 3R Fr fLBR ELAR SR T A T
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x3 FRMFREFRMIEER R LR HFE
Table 3 The pore distribution character of apple slices of different

freezing temperatures and freeze-thaw cycles

oo s pmmr UYE pegae
il . . Specific FLBRF
Shrinkage  Bulk density Mean pore .
Sample A pore volume . Porosity/%
rate/% /(g'mL™) /(cm3'g'l) diameter/um

LigN; 100.0+2.0e 0.138+0.003a 6.26+0.13c 17.24+0.34a 86.75+1.74a
80 °C 96.7+2.4de 0.151+£0.005ab 5.71+0.17b 72.7242.18b 86.62+2.60a
20°C 94.1£2.9cd  0.173£0.003b 5.03+0.10a 90.71x1.81c 87.14+1.73a
FTC-1 92.0+1.8bc 0.130+0.004a 6.91£0.21d 90.77+2.72c 90.21%2.71a
FTC-2 89.0+22ab 0.145+0.003a 6.76+0.14d 121.49+2.43d 88.41+1.77a
FTC-3 86.8+2.7a 0.139+0.004a 6.74+0.20d 90.98+2.73c 89.37+2.68a
R385 R — SR PR R A R 45 BT U2 WfE P<0.05 KT
EERRE, T

Note: Different letters in the same index and column represent significant
differences at 0.05 level between different freezing treatment, the same below.
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a. Total invasion volume of different freezing temperatures of FD apple slices
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Cumulative pore volume/%
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b. AFEVRRELAGEE FD 3 JL A 1 AR AR

b. Total invasion volume of freeze-thaw cycles of FD apple slices
B 6 R HUA Bk A TR A 0 R AN
Fig.6 Total invasion volume of different freezing temperatures
and freeze-thaw cycles of FD apple slices

2.6 FREFERAGIEN FD ERF BIFMNFIE

052 FD SER BRIV TR R, A FIVRE5 A
FTC Ab#E FD 34 (3 S H 3R 4 FTs o R 45 28 I,
LHEBRAK, a™EBkE, AFPWREEZER FTC-1 4B

RA a*EM5mIA R Z 5 5 E/KF (P<0.05) , 1ff FTC
PR Z 0] L*. a*. b*Z 53 AR E(P>0.05). Hr LigN,
YH FD SER ) L*Enik 57.20, A4l FD SR ) LHE
7 41.88~53.96 2 [f]; Liq.N, 41 FD SR A 1) a ¥l RAA
9.22, H:H-80°C (11.54) . 20 °C (16.11) , FTC-1
(19.88) ; Liq.N,2H FD 3R F 1) b*EAAK, 1M HAh %R 45
WA FD SER 2 AR R E 2R (P>0.05) o WS
HCRER, SRR, AN, A
ARAAR o 5L AR AT B A T R &5 AL 3R A 1 FL B
SEREOR, AR R T30 SRR T LB B O A i 5|
AL, Ceballos Z' MG 3 7 VR 5T R AR, ST
RIS R, FTC AbEA GO EE S ARGRMAMLE LR, 7T
REAE BT IR VR R £ R AR T B 4 78RR AL B 38 OK H
HEER
2.7 REEFURFHACIENT FD FER B EMEF T EER
A

B RO T R E TR S R R RS B ) XU
U4, VR T A RNV i Ak G SRR ORI T R E R
IS ng 4 s, AFEESE. FTC-1. FTC-2 kb
X BE B R E IR B A B2 (P>0.05)
FTC-3 AbFE 5 RURBA AL, ] i P8 2 &R0 AT 3 e
TR B RAL (P<0.05) o XATREZ M T FTC i
FE A S B R Al g5 44, 56 AT 5 PR R0 A HLER ¥ B
KRR,
£4 FREFFBEMRRMABERE @F. ALEERINLE

Table 4 Color, titratable acid and total sugar of apple slices
treated with different freezing temperatures and freeze-thaw cycles

3% Colour T ER S
FE S TitraFable Tot:qlasslggar
Sample L* a* b* AE acid . fraction
/(mmol* g™ ) Lo
g'g)

Liq.N; 57.20+0.42¢ 9.22+0.30a 24.99+0.87a 29.24+0.67b 0.82+0.17ab
-80 'C 53.96+2.18b 11.54+1.78b 29.07+1.58b 5.70 29.04+1.06b 0.77+0.07b
-20 'C 50.82+1.28b 16.11+0.82¢ 31.52+1.89b 11.40 28.02+1.97ab 0.65+0.05b
FTC-1 42.30+2.84a 19.88+1.69d 30.05+1.62b 19.01 28.28+2.42ab 0.83+0.02b
FTC-2 41.88+4.28a 20.74+1.41d 30.06+1.87b 19.82 28.29+1.46ab 0.86+0.00ab
FTC-3 45.17+1.56a 19.39+1.24d 31.31+0.85b 16.97 26.15+1.23a 0.79+0.01a

2.8 REFUERAIENT FD ER K EAEY RV

Ty S I 2 3 S T 2 B ) AR WS P T AN R R A
FRALALEE R FD SR By 2R &2k 5 . 45
REW, BIFER. ILEER. 8RR RILKENTE
Wi 5 5 445 T 26 PRI S o JE PR AR, 20 CHR&E 4 A
TREAZN 77.65%, X HESE B T Hl o ) i K 7E 2 By
SEALBEE P T A e 2. SR SR R B
UREE R AN B2, HL R R — D7 T v R X & SR &
R B AR VR G AR 2 2D, 53— D7 T A2 BT 1R S i R A
N R, ) 7 R SR B B o) A B EE RS T, T 5
FEET,

FTC b3 SF b &% By R & =1 B E B
%, FTC-1 201 FD 35 7 1) 32 My KW o 2 &S SRR 1Y)
39.5%. ARG ST &ELHRE, SHMIREEA
45.2%, I REAE BT AR R amneERR . R S R
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e, HIXER B AN SEUR AR, PR T S OR AR b
VBRI A 1 R BB A DR B e TR R SR AR

TEYEVIBEE L, FTC AL BRAT 25 & My A i 125 0 ) 5 i
(St  Z/N AR
*5 TREMFRBEFMFRMLEERRBEYRRE S

Table 5 Phenolic content in apple slices treated with different freezing temperatures and freeze-thaw cycles

S BN itk i psyi
v Main phenolic compounds content/(ug-g™") Total
F il content of
Sample 4 7 o P P ’ = 4 phenolic
GRIER AT G LA FIIR S At JRIET &R st
Chlorogenic acid p-coumaric acid Catechinic acid  Epicatechin Phloridzin Procyanidine Total content c;)(mpoug;ls
mg-g
i3
Fr;:liile 1230.49422.05f 185.324+31.02¢c 64.54+£10.39d  152.65+7.83¢  79.041+5.68d 155.55+18.23¢ 1867.59+95.20e 8.23+0.25¢
Lig.N, 1073.98+£31.62¢ 176.03+£43.49¢c 55.43+543c 130.20£7.56cd 76.281+13.92d 141.29+11.46d 1 653.20+85.95d 6.96+0.22cd
-80 C 1121.58+£55.3¢ 182.28£12.25¢ 58.97+10.09c 141.67%£11.11d 63.39%+7.54c 151.12+9.47d 1719.01+£80.19d 7.53+0.34d
-20C 980.48+13.71d 174.15£6.80c 43.621+841b 125.89+8.6lc 61.81£7.68c 110.42+9.25¢ 1496.36+9.81c 6.39+0.02¢
FTC-1 505.65+7.39¢ 99.33+5.15b 7.81%£9.57a 66.04+4.55b 23.03+1.01b 36.88+6.42b 738.75+8.65b 5.49+0.17b
FTC-2 295.17+£18.04b  43.78%+2.26a  0.0010.00a 15.52+2.87a 8.13%x1.24a 3.56%6.17a 366.16+25.59a 4.21+0.29a
FTC-3 237.94+5.82a 49.78+1.48a 0.00%0.00a 13.78+0.40a  5.64+0.35a 0.00%0.00a 307.13+6.55a 3.72+0.67a
2.9 REEM FAMEE . SRV R, Liq.N, 244 FD SER v R 4F

JEE VNG R IR 6. B MRS IER A Gt vH g 5
PR A R S TR 5 15 R T B FERE O, I 5 IR P R
AR AR BT 72 2 (o 2 N B s 3 F AN I (1 v, R 55 R
AR Y, TSR R 25 5 4R 2 /DN BORL A A
W FE 52 Jyis i W8, WT LB, FTC ALFRZLM
FD R A SRR AR LD, KRB R R . WAL
F, FTC-1 41 FD ¥R B S5 RGMA ZE R BN, S6F
MEEER—5, LiqN, AEFEHif, 1 FTC-2. FTC-3
4 FD 3R P RAEMA, FTC-1 5-20 CH%LL FD 3R

REEEA, H2E-80 'C. 20 'C. FTC-1.FTC-2 fl FTC-3
AEPRZ, FTC 2H FD IR SRR, JoiEAE FD it
FEhE A E 2 FHSNSY, XA Ae S LAY K a K,
MIENEE KRG, FTC AbPEATCEMEE, (HEmE R A
AR, 1K 5 R Al s 45 R — 2. —80 "CHl Liq.N, 41 FD
S FE R F AR, AR T LR AR
FERE, HE O FE bR A 2 R . SR
Ut, EIRIRRALACERAR R T — &6 o bR SR R e
(R ARG By, Hookss T 8 BRI 55 8

R 6 AREFFEEFMAIERERFEE TN

Table 6 Sensory evaluation of apple slices with different freezing temperatures and freeze-thaw cycles treatment

b S U T i g E s e R IE BRRE 2
Sample  Appearance Odour Hardness Crispness Stickness Smoky Sweet and sour palatability ~ Overall sensory score
Liq.N, 4.88+0.31c 3.70x1.04bc  4.40:0.47bc  3.5010.26a 1.504-0.50b 1.0010.42b 4.5010.55b 22.48+3.12bc
-80'C  4.10+£0.23bc  3.28£0.76b 3.34+0.85a  3.58+0.38a 1.001-0.00b 1.7540.35¢ 3.28 £0.44ab 20.33£3.02b
-220°C  4.19£031b  3.06:0.98ab  3.94+£098ab  3.94+0.98a 1.00£0.00b 1.7540.35¢ 3.87%0.73b 21.73£3.81b
FTC-1 4.14%0.38b 3.284+0.76a  4.21+0.60ab 4.21+0.60ab  0.83+0.32a  0.831+0.29ab 4.2310.90b 18.46+3.87ab
FTC-2 3.48%+0.60b 2.67%0.6la 3.69+0.78a  3.6910.78a 0.83+0.13a 0.17£0.29a 3.941+0.52b 15.63t4.53a
FTC-3 1.77£09la  2.58%0.66a 3.83+0.84a 3.831+0.84a 0.671+0.44a 0.00£0.00a 2.94+0.98a 14.03t4.0la

5 & @ 3) LREHIEHBR RTINS AT Be

AR SCERE T VR 5 3 RN fl Ak 3 %o 3 5 7 on T
IR AR TR 1 DL B 2 v T A0 SR I AOWE
ghR . TG RS R L s, RSB

1) RAZBEL (20 °C) S8%R 1 RAEF M
AT R TR 5 (523 min) , AR
P 14.6%.

2) RHZERLE (20 C) S5EVRRE 1 IAHS
HAERHTRER R BRI, BAARRINER T
WIS RALBR 25, FLOR e R I 3 v T AR R A A B S
(P<0.05) , My2RWJi R B 25 0 2 TRk 2 YR 3 I
B (P<0.05) o @b, A ERAIEENGEAESS
-20 °C kB ZH AR o

FRAL 1 AR TR R LA R TR A g R s
PRI IE T, VR G5 3 MR il Ak B0 R 4% 254
T BB IE P BB o SN T4 AR TR 5 e AR AT
=98
(& % 3 #k]
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Effects of pre-freezing on the drying characteristics and quality
parameters of freeze drying apple slices

Ma Youchuan'?, Bi Jinfeng’?, Yi Jianyong>%*, Du Qiangian'?, Feng Shuhan'?, Li Suobin’

(1. Institute of Food Science and Technology, CAAS, Beijing 100193, China; 2. Key Laboratory of Agro-Products Processing, Ministry of
Agriculture and Rural Affairs, Beijing 100193; 3. Jiangsu BLK Refrigeration Technology Development Co., Ltd., Changzhou 213116, China)

Abstract: Vacuum freeze-drying food has become a commonly found product in worldwide, due to its low moisture content,
long shelf life, reduced wrinkles, and less loss of nutrients. But the great challenge to produce vacuum freeze-drying fruits can
be related to the long drying time, high energy consumption, and low crispness. Pre-freezing process is an important procedure
of vacuum freeze drying, where the freezing rate usually determines the quality and drying characteristic of vacuum
freeze-drying (FD) products. Freeze-thaw cycles (FTC) are generally used as a pretreatment method to control the drying
efficiency and product quality. In this study, three freezing temperature (- 20 C, -80 ‘C, liquid nitrogen freezing) and 1-3times
freeze-thaw pretreatment (FTC-1, FTC-2, FTC-3) were adopted in apple slices drying, in order to explore the influence of
freezing rate and freeze-thaw treatment (FTC) on the drying characteristics and quality of FD apple chips. An investigation
was also made to explore the effect of freeze treatment on the freezing and drying characteristics, microstructure, color,
hardness, crispness, and nutritional quality, in the FD apple chips. The results showed that the freezing rate increased with the
decrease of freezing temperature and the increase of FTC times. In drying characteristics, the Page model can better represent
the drying process of apple chips with various temperatures and freeze-thaw cycles. The freeze-thaw treatment significantly
increased the drying rate of apple slices, while reduced the time to reach the maximum drying rate. Compared with the fast
freezing (-80 C), the drying time of apple slices was 5% shorter than that in the slow freezing (-20 C), and the crispness
increased 50.1%. Compared with the -20 C pre-freezing group, the apple crisps treated by FTC-1 showed a more uniform
pore structure, with the 37.2% increase in pore volume, 15.3% reduction in FD drying time, 14.6% reduction in drying energy,
and 117.6% increase in crispness. In phenolic compounds, there was no significant effect of pre-freezing temperatures on the
phenolic compounds, whereas, the freeze-thaw treatment significantly affected the content of main phenolic compounds in
apple chips. Specifically, the content of main phenolic compounds remained low, as the increasing time in the pretreated FTC.
The total retention rate of phenol was 77.65% in freeze-dried apple chips, and that in the FTC-1 was 45.2%. There was no
significant effect of pre-freezing temperature on the total content of soluble sugar and titratable acid. Although the freeze-thaw
treatment can lead to the loss of some juice, the total content of soluble sugar and titratable acid decreased slightly. The
sensory evaluation results showed that there were adverse effects of freeze-thaw treatment on the appearance and smell, with
the decrease of smoke sensation and stickiness in the freeze-dried apple chips. Considering the quality of products and drying
energy consumption, the FTC-1 treatment can be used as the optimal process to control the quality of vacuum freeze-dried
apple chips. The freezing rate and freeze-thaw treatment can serve as the sensory quality control, to save the drying time and
energy consumption for the production of vacuum freeze-dried fruit and vegetable crisp slices.

Keywords: drying characteristics; microstructure; quality; apple; freeze thaw cycle; vacuum freeze drying
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